and with a bulk or structural inversion asymmetry, e.g., in cubic B20 alloys or at interfaces between FMs and heavy metals (see Fig. 1a ). In particular, the recent discovery of strong interfacial antisymmetric exchange coupling in perpendicularly magnetized multilayers-interfacial DMIhas stimulated work in the field of spintronics, opening fascinating new avenues for fundamental research 20 as well as highly efficient and fast spin-based information technologies. 1, [9] [10] [11] Besides the intralayer exchange coupling, in magnetic multilayers consisting of alternating ferromagnteic and non-magnetic spacer layers, the FMs can also be coupled to each other by interlayer exchange coupling (IEC We start by developing the necessary concepts to unambiguously identify the effect of antisymmetric IEC. In general, the magnetization reversal in FMs is invariant upon the inversion of the magnetic field direction. However, this field-reversal invariance does not hold if the inversion symmetry is broken in a given physical system. One particular example is the interfacial DMI. 17 In the presence of interfacial DMI, domain walls ( To understand the origin of the asymmetric switching behavior, we next measure the azimuthal-angular dependence of HSW, as shown in Fig. 2b and 2c . Here, the magnitude of the inplane field is kept at |μ0HIN| = 100 mT, while rotated from 0° to 360°. In systems with inversion symmetry, one expects to see an isotropic or uniaxial (or multiaxial) anisotropy depending on the crystalline properties of thin films, which is indeed found in our reference sample (see Fig. 2b ).
Ferromagnets (FM) and antiferromagnets (AFM) possess collinear spin alignments within magnetic domains, due to a coupling, which is called symmetric or Heisenberg exchange coupling.
While this conventional coupling is well known, recently a different coupling has moved into the forefront of interest, which leads to non-collinear and chiral spin textures. This new class of exchange coupling -antisymmetric exchange coupling ot Dzyaloshinskii-Moriya interaction (DMI) [15] [16] [17] -stems from the spin-orbit scattering of electrons, which mediate exchange coupling between neighboring spins within a FM, and an inversion asymmetry resulting in a finite amplitude of the net effect. [17] [18] [19] Therefore, DMI only manifests in systems with a spin-orbit coupling (SOC) and with a bulk or structural inversion asymmetry, e.g., in cubic B20 alloys or at interfaces between FMs and heavy metals (see Fig. 1a ). In particular, the recent discovery of strong interfacial antisymmetric exchange coupling in perpendicularly magnetized multilayers-interfacial DMIhas stimulated work in the field of spintronics, opening fascinating new avenues for fundamental research 20 as well as highly efficient and fast spin-based information technologies. 1, [9] [10] [11] Besides the intralayer exchange coupling, in magnetic multilayers consisting of alternating ferromagnteic and non-magnetic spacer layers, the FMs can also be coupled to each other by interlayer exchange coupling (IEC). 14, 21 Phenomenologically, the IEC shares common features with the symmetric Heisenberg exchange within each magnetic layer: they are bilinear in spins, and isotropic under rotation, favoring collinear spin alignment. In complete analogy to the experimentally established and theoretically understood symmetric and antisymmetric exchange within a single magnetic layer, one can anticipate that multilayers exhibit not only a symmetric but also an antisymmetric IEC. Specifically, based on simple symmetry considerations, it is natural to expect the emergence of such an antisymmetric IEC in systems with broken inversion symmetry (yellow and green boxes in Fig. 1b ) and strong SOC provided by a non-magnetic spacer. A remarkable feature of the antisymmetric IEC is that it promotes chiral magnetization configurations perpendicular to the film plane, in contrast to the interfacial DMI leading to chiral spin structures within individual layers. This suggests the possibility for designing threedimensional topological structures based on this novel interaction. Despite its fundamental importance as well as the associated technological promises, 10, 14, 22, 23 clear evidence of the antisymmetric IEC is remarkably elusive so far. In this Letter, we present the experimental demonstration of such a hitherto uncovered antisymmetric IEC in perpendicularly magnetized synthetic antiferromagnets (SAFs) with parallel and antiparallel magnetization alignments. We study the multilayer reversal in different stacks and using judiciously designed field sequences, we can identify from unidirectional and chiral magnetization reversal the presence of an antisymmetric IEC.
We start by developing the necessary concepts to unambiguously identify the effect of antisymmetric IEC. In general, the magnetization reversal in FMs is invariant upon the inversion of the magnetic field direction. However, this field-reversal invariance does not hold if the inversion symmetry is broken in a given physical system. One particular example is the interfacial DMI. 17 In the presence of interfacial DMI, domain walls (DWs) experience different effective fields according to their magnetic orderings, up-to-down (U-D) and down-to-up (D-U), under an in-plane magnetic field HIN as the core magnetizations within DWs of U-D and D-U align along opposite directions due to their preferred handedness by DMI. Consequently, when the DW moves, its velocity becomes asymmetric with respect to HIN, depending on their magnetic ordering. 1, 3, 24, 25 Analogously, the antisymmetric IEC can break the field-reversal symmetry for the magnetization reversal. In the absence of the antisymmetric IEC, HIN cannot break the inversion symmetry but only assist in lowering the energy barrier for the magnetization reversal independent of the switching polarity (left panels of Fig.1c and 1d To understand the origin of the asymmetric switching behavior, we next measure the azimuthal-angular dependence of HSW, as shown in Fig. 2b and 2c. Here, the magnitude of the inplane field is kept at |μ0HIN| = 100 mT, while rotated from 0° to 360°. In systems with inversion symmetry, one expects to see an isotropic or uniaxial (or multiaxial) anisotropy depending on the crystalline properties of thin films, which is indeed found in our reference sample (see Fig. 2b ).
Notably, however, we find that the magnetization switching for both SAFs with parallel and antiparallel alignment exhibits a unidirectional anisotropy which is for parallel (antiparallel) alignment with symmetric (S) and asymmetric (AS) along the direction of HIN // 75° (150°) and HIN // 165° (240°), respectively (this will be discussed in detail later). This highlights the unidirectional nature of the observed interlayer coupling. Interestingly, for the antiparallel coupling, we obtain markedly different unidirectional features in the two magnetic layers: for the case of the top Co layer (FMtop), the value of |μ0HSW| for the U-D (D-U) is biased to 60° (240°), while for the bottom Co layer (FMbottom), it is biased along the opposite direction. This opposite unidirectional behavior between two magnetic layers unambiguously reveals that the observed unidirectional effect has a chiral nature (see Supplementary Note 1) in line with an antisymmetric IEC. Here, we would like to note that the observed chiral behavior is radically different from that expected from currently known magnetic interactions. For example, the biquadratic IEC 26 can also introduce similar non-collinear configurations, leading, however, to isotropic behavior without preferred handedness, contrary to our observations as seen in Fig. 2c . Furthermore, the interfacial DMI cannot account for such asymmetric switching behavior, as this interaction cannot produce the obtained asymmetric hysteresis on its own unless it is combined with additional symmetry breaking effects such as DC spin currents 27 or laterally asymmetric nanostructures 28 (see
Supplementary Note 2)
The antisymmetric IEC is expected in particular to modify the dependence of HSW on HIN, which we plot in Fig. 3 . For the structure with parallel coupling, the asymmetric behavior between U-D and D-U switching is again clearly found for the case where the HIN is applied along the AS axis, while almost symmetric behavior is seen for HIN // S. (Fig. 3a and 3c ) In particular, for the antiparallel coupling case, one can see that the HIN for local maxima (or minima) are shifted away from HIN =0 mT for HIN // AS, and the direction of the shift reverses for the opposite switching polarity. (Fig. 3b) This shift of HSW along the HIN axis is a robust indicator for the presence of the antisymmetric IEC; the offset in curves of HSW vs. HIN indicates the presence of a built-in effective field, the sign and magnitude of which rely on the relative orientation of the magnetization between the top and bottom Co layers. This is analogous to the internal fields from the interfacial DMI, which depends on the magnetic ordering of DW structures. 24 However, this is in sharp contrast to the case without the antisymmetric IEC, where HIN always assists in switching the magnetization of perpendicularly magnetized materials irrespectively of the sign of HIN and switching polarity.
To  D S S is a relativistic contribution to the total energy that is asymmetric with respect to the relative angle α between the magnetic moments S1
and S2 in the two Co layers. Indeed, our electronic-structure calculations demonstrate such a unique signature of the antisymmetric IEC in the low-symmetric C1v structures (see Fig. 4b and Fig. S6 ), generally favoring a non-zero canting between adjacent ferromagnetic layers due to the complex interplay with the conventional symmetric IEC. To assess the overall relevance of such a chiral interlayer interaction, we estimate for comparison the magnitude of the symmetric IEC   inter 1 2 J  SS by using an effective parameter Jinter that describes the small-angle region in the nonrelativistic energy dispersion. Figure 4c presents the calculated values of both interlayer exchange interactions as a function of the position of the top magnet for an originally ferromagnetic or antiferromagnetic coupling between the magnetic layers. While the symmetric coupling exceeds the typical energy scale for the chiral IEC of 1.0 meV by one to two orders of magnitude in the studied system, the latter interaction is more susceptible to changes in the symmetry of the crystal lattice. In particular, the characteristic vector Dinter is required to be perpendicular to any mirror plane connecting interaction partners in the two layers, which renders the net antisymmetric IEC zero in C3v systems but generally finite in the case of reduced symmetry (see Fig. 4b ). By emphasizing the key role of the in-plane symmetry breaking for this novel magnetic interaction, we note that any effective symmetry breaking, e.g., from a thickness gradient or a lattice mismatch between different atomic layers leading to dislocations, can give rise to the appearance of the antisymmetric IEC. Indeed, we experimentally demonstrate that a small thickness gradient in our samples gives rise to an effective symmetry breaking, allowing the antisymmetric IEC with a fixed Dinter perpendicular to the thickness gradient direction (see Supplementary Note 5). Additionally, for an appropriately asymmetric system, our ab initio calculations clearly confirm the presence of the antisymmetric IEC, which predominantly acquires its microscopic contribution from the heavy metals like Pt, as a direct consequence of SOC. Therefore, we anticipate that the predicted effect of an antisymmetric IEC, as well as the corresponding chiral spin textures, can be designed by adjusting the interface chemistry, 17 or by tuning the thickness of the Ru spacer layer 30 
Methods

Sample preparation and anomalous Hall measurement.
The magnetic multilayers were grown on a silicon wafer coated with a 100nm-thick SiO2 by using a UHV magnetron DC sputtering system at the base pressure of 9.5×10 -8 mbar and the working pressure of 2 × 10 -2 mbar. Multilayers of Si/Ta(4)/Pt/(4)/Co(1.0)/Pt(0.7)/Ru(t)/Pt(0.7)/Co(0.9)/Pt (4) were grown at room temperature (layer thicknesses in nm). The Ru is used for the spacer which provides strong IEC, and the Pt layers between top and bottom Co layers are used to enhance the PMA of both ferromagnetic layers. To investigate the Ru-thickness dependent interlayer coupling, a wedge-shaped sample of Ta/Pt/Co/Pt/Ru/Pt/Co/Pt, where the Ru thickness was varied from 0 to 4nm, was preliminarily grown, and the oscillatory behavior of magnetic hysteresis loops was measured by the magneto-optical Kerr effect in a polar configuration (pMOKE). The Ru thicknesses used in the main text and supplementary notes were selected from the result. The hysteresis loops of the magnetic multilayers were measured by anomalous Hall signal on approximately 5 × 5 mm 2 sized continuous film by using a Van der Pauw method. For the transport measurement, a sinusoidal current with a frequency of 13.7Hz and a peak-to-peak amplitude of ~1mA was used as a current source, Lock-in technique was used for detecting the Hall signal.
Macro-spin modeling.
In order to explore the effect of the antisymmetric IEC and other magnetic interactions on the magnetization reversal, we employed a macro-spin model that finds an equilibrium magnetization configuration through minimization of the total free energy functional which consists of 
